The electronic structure of artificial atoms in quantum dots (QDs) [1] can be directly studied in transport measurements. Such voltage-tunable experiments in a varying magnetic field (e.g., see [1] [2] [3] [4] [5] [6] [7] and the works cited therein) enable researchers to change the number of electrons confined in a QD, as well as the mutual arrangement of electronic energy levels. The arrangement of levels depends on the total spin of electronic configurations [3, 4] . The application of the magnetic field induces transitions in the ground state between states characterized by different total spin. In this paper, we focus on the role played by total spin in the simplest system, a two-electron droplet. At low magnetic fields, the ground state is a singlet with total spin S = 0, while at higher magnetic fields the ground state is a triplet with total spin S = 1, in analogy to the paraheliumorthohelium transition, already studied theoretically in [4, 8] . Both singlet and triplet states and the singlettriplet (ST) transition have been observed experimentally in both vertical [2, 6] and lateral QDs [5, 7] . However, while at least one of the triplet excited states is observed for magnetic fields below the ST transition, the singlet excited state is not seen past the ST transition, resulting in asymmetric (in B ) source-drain transport spectra. In the present work, we present model calculations of total spin relaxation due to the mixture of spin-orbit (SO) and electron-phonon interaction, which helps to explain the unusual behavior of the levels associated with the different total spin seen in transport experiments.
We start with the SO interaction Hamiltonian for a two-dimensional (2D) electron in a quantum well, written as [9] [10] [11] [12] [13] (1) ¶ This article was submitted by the authors in English.
where the layer plane is determined by the principal axes ( x , y ) of the crystal. This expression is a combination of the Rashba term [14] (with the coefficient α ) and a 2D analogue of the Dresselhaus term (with the coefficient β ) [10, 11] . We use the following notations: k = − i ∇ + e A / c and = ( k x , -k y ) are 2D vectors; are the Pauli matrices. The β coefficient is determined by the formula [10, 11] ( 2) where G is the band-gap width of the semiconductor, γ so is the spin-orbit constant [15] , and a 0 = ប 2 ε / m * e 2 is the effective Bohr radius. (For GaAs: G = 1.52 eV, γ so = 0.07, a 0 = 9.95 nm, Ry* ≈ 5.74 meV, m * = 0.067 m e , and Ꮾ = 0.0043.) The parameter d is determined by averaging the square of the wave-vector component of a 2D electron in the layer: ( r 1 + r 2 )/2 and r = r 1 -r 2 are CM and relative (Jacobi) coordinates of two particles. The first term in the Hamiltonian is We discuss the rate of relaxation of the total spin in a two-electron droplet in the vicinity of the magnetic-fielddriven singlet-triplet transition. The total spin relaxation is attributed to spin-orbit and electron-phonon interactions. The relaxation process is found to depend on the spin of ground and excited states. This asymmetry is used to explain puzzles in recent high source-drain transport experiments. The wave function of the two-electron system may be written in the form Ψ M (R)e iMΦ ψ m (r)e imφ , where σ 1 and σ 2 are the spin variables of the electrons. We expand the wave function in the basis set of the singlet and triplet states (6) Here, Ψ 0 is the ground-state function (i.e., it obeys the equation * * * * 0 Ψ 0 = បω 0 Ψ 0 ), while the functions ψ 0, 1 have to be found from the equations (7) The analytical solution of Eq. (7) 
ប/m * ω 0 the opposite limit l ӷ a 0 (this seems to be more relevant to a typical experimental situation). Then, in the leading approximation, the solutions of Eqs. (7) We now turn to the effect of SO interaction on the mixing of singlet and triplet states. Operators Σ ± and Σ z commute with S 2 ; therefore, the first and third terms in Eq. (4) are not responsible for mixing of the singlet and triplet states. On the contrary, the second term in Eq. (4) results in this mixing. Indeed, let |S, S z 〉 be the normalized spin states of two electrons. When operating on the state |0, 0〉, the term H rSO yields the following nonzero matrix elements: 〈1, 1|H rSO |0, 0〉 and 〈1, -1|H rSO |0, 0〉.
(One can check that |0, 0〉 = |1, ±1〉.)
Hence, we see immediately that the |0, 0〉 singlet state is mixed with the |1, ±1〉 triplet states but not with the |1, 0〉 state. This state is therefore long-lived.
For the states that are coupled, the expansion in terms of the small parameter a 0 /l 0 leads to the following result for the mixing matrix element between |s〉 and |t, 1〉 states:
If we take into account the Rashba term, we find that another nonzero matrix element is 〈s|H rSO |t, -1〉; however, the state |t, 0〉 is never mixed with the singlet. Further, we neglect the Rashba coupling (usually there is α < β in GaAs heterostructures; in any case, α vanishes in the case of an ideally symmetric quantum well). 
